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Abstract:
The drying-up events in the lower reaches of the Yellow River during the 1990s, which were the most serious problem
of water resources issues in China, initiated this study of the concept of water resources renewability in the Yellow
River basin. The problem of renewability linked with hydrological process impacted by climate change and human
activity is addressed. A quantitative method was developed to analyse causes and propose countermeasures to improve
renewability of water resources. The magnitude of renewability change in time and space within the river system
can be represented using this method. According to the analysis using an observation data set, it is shown that the
renewability of water resources of the Yellow Rive basin has had a significant declining trend since the 1950s. In
particular, the renewability indicator in the downstream reaches was reduced to 0Ð2 during a bad situation during the
1990s. Using the renewability assessment, feasible strategies can be analysed and suggested. Copyright  2004 John
Wiley & Sons, Ltd.
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INTRODUCTION
The Yellow River, referred to as the Chinese mother river, is the second largest river in China. It flows through
nine provinces of northern China, has a length of 5464 km and a drainage area of 752 443 km2 (Figure 1).
Climatically, the river basin mostly lies in semi-arid and arid regions with high evaporation and low runoff.
The mean annual precipitation of the river basin is only 475Ð9 mm, and annual evapotranspiration reaches
388Ð3 mm. As a result, the annual runoff accounts for only 18Ð4% of the precipitation. Moreover, the runoff
varies significantly in time and space. Its high flow occurs in the summer season and fluctuates greatly from
year to year (Chen, 1987; Liu, 1996; Meng, 1997; Liu and Liu, 1998; Chen et al., 1999; Liu and Cheng, 2000).
Since the 1990s, the Yellow River has been facing serious water problems, such as water shortage, flood
threat intensification, and degradation of the eco-environmental system in the basin, particularly during the
drying-up events that have happened continually since the 1990s (Wu et al., 1998; Di, 1997; Shi et al., 1999;
Chen and Mu, 2000; Liu and Cheng, 2000; Xia and Chen, 2001). According to the hydrological records
from 1919 to 1997, the annual runoff in 1928 was only 27Ð5 ð 109 m3 and the runoff in 1964 reached
93Ð3 ð 109 m3. These differences in runoff magnitude greatly reduce the availability of water resources. The
shortage in water resources was particularly severe in successive dry years during 1922–32, 1969–74 and
1990–97. It is said that the 1990s drought was the reason for that successive drying up of the river courses.
Thus, the vulnerability of the river system, particularly the renewability of water resources, impacted by global
change has been recognized as a very important issue in China.
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Figure 1. Yellow River basin and reach divisions
In the world, vulnerability assessments have been increasingly recognized as an essential scientific basis
for integrated water resources management (IWRM). These assessments evaluate the combined effects of
multiple stresses and potential adverse outcomes for water resources at all scales from global to regional, with
emphasis on the river-basin scales. Water resources are exposed to the combined effects of climate change,
land-use change and increasing use and pollution of water resources (Jones, 1997; Newson, 1992; Biswas,
1991; Slutsky and Yen, 1997). The strength of these effects and the sensitivity of regional water resources
determine their vulnerability to change. Any adaptation and mitigation measures have to take full account of
such integrated assessments in order to achieve the ultimate goals of reduction of vulnerabilities, sustainable
use and protection of regional water resources.
Both the project of Biosphere Aspects of the Hydrological Cycle (BAHC) of the International Geosphere–
Biosphere Program (IGBP) and Chinese bodies on water issues are approaching this problem. In particular,
BAHC is focused on bringing together the methodologies and approaches for evaluating vulnerability of
water resources to changing environmental conditions. This approach allows for the inclusion of multiple
environmental stresses, which are associated with both short- and long-term threats at local, national, regional
and global scales.
The renewability of water resources related to drying up of the Yellow River basin is a very important
issue related to the concept of vulnerability (Zhang H, 1996; Zeng, 2001; Wang, 1997; Zhang G, 1997;
Shen, 2002; Xia and Chen, 2000). Although hydrologists in China have begun to discuss this problem,
present studies in this field have not yet involved the key aspect of quantifying the renewability related
to drying up of the Yellow River basin. In fact, the renewability of water resources involves both water
quantity and quality, where the renewability of water quantity uses the basin as its assessment system.
At the moment, the following methods are used to measure renewability: (a) water cycle period in a
traditional sense; (b) renewability of water resources in a unit area. Even though these methods have their
place, there are limitations on their use due to the lack of a basic understanding of the hydrological cycle
process.
In this paper, we focus on the problem of renewability of water quantity within the water cycle framework.
A set of workable indicators to quantify scale and change of water resources renewability impacted by climate
change and human activity has been developed to answer the questions: What is the major impact factor of the
renewability? How do we recognize the impact process? The aims of the study are to quantify the renewability
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of water quantity, control the intensity of water resources development, maintain a healthy water cycle and
realize sustainable utilization of water resources in the Yellow River.
ANALYSIS OF THE RENEWABILITY PROBLEM IN THE YELLOW RIVER
Increasingly, drying up of the lower reaches of the Yellow River has led to extreme cases of water shortage
since 1972. In records from 1972 to 1999 there were 21 years with significant drying up in the main courses
of the lower Yellow River (Figure 2). In the 1990s such events with different durations occurred every year,
and this had never happened before. The most severe situation was in 1997, when the duration of drying up
lasted 226 days and there were 330 days without water flowing through the river estuary outlet into the Bo
Sea. The maximum length of drying up of courses in 1997 reached 704 km, accounting for about 90% of
the total length of the lower Yellow River (786 km). At the same time, drying up of the river has also been
occurring in the main tributaries of the mid–upper reaches, and even at the headwaters. These events show
that the Yellow River is turning into a seasonal river, which will be a serious problem for the water cycle
system (Zhang, 1997; Chen et al., 1999; Liu and Cheng, 2000).
The literature (Meng, 1997; Wang, 1997; Zhang, 1997; Xia and Chen, 2001) points out that the harm of
the drying-up events to communities and the eco-environment of the Yellow River is significant. For instance,
the accumulated economic loss to industry and agriculture since 1972 has reached 26Ð8 billion RMB, where
the economic loss during the 1990s was about 3Ð6 billion RMB. Moreover, owing to flow drying up for
longer periods, this could result in sediment deposition in the lower reaches of the Yellow River and reduced
discharge capacity, which could lead to a situation called ‘small flood peak, high water level and big disaster’.
From the ecological point of review, the impacts of flow drying up in the lower reaches of the Yellow River
are usually multiple and irreversible. It will reduce the dilution capacity of polluted water and biological
diversity in the river system, such as fish resources. This also produces problems of seawater invasion, soil
salination and even serious damage to the ecosystem in its delta region.
Analysis has shown that there are two causes for the flow drying up in the lower reaches of Yellow River.
One is climate change and the other is human activity. Since the 1990s, precipitation in the Yellow River
has decreased significantly due to the impact of global climate influences (see Table I). The yearly average
precipitation during the period from 1990 to 1996 was reduced by about 11Ð5% from that during the period
from 1950 to 1989. The reductions of average precipitation were about 15Ð4% and 2Ð3% for flooding and
non-flooding seasons respectively.
Besides climate change, the impact of human activity due to intensive water usage is the major reason for
flow drying up in the lower reaches of the Yellow River. It is known that the per capita water resource in the
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Figure 2. Dry-up days of Li Jin station on the Yellow River during 1972–1997
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Table I. Precipitation statistics for the Yellow River basin in different years
Catchment Period Precipitation (mm)
1950s 1960s 1970s 1980s 1990s Average
Above Lan Zhou station One year 415Ð9 420Ð1 432Ð5 429Ð5 352Ð5 413Ð8
Flood season 308Ð4 295Ð9 317Ð7 309Ð8 258Ð6 300Ð6
Low water season 107Ð5 124Ð3 114Ð9 119Ð8 93Ð9 113Ð2
From Lan Zhou station to One year 312Ð6 304Ð1 293Ð0 264Ð1 248Ð6 286Ð8
Tou Daoguai station Flood season 233Ð6 215Ð7 220Ð0 190Ð8 191Ð2 211Ð5
Low water season 79Ð0 88Ð4 73Ð0 73Ð3 57Ð5 75Ð3
From Tou Daoguai station One year 449Ð8 457Ð5 437Ð5 433Ð3 393Ð5 438Ð8
to Hua Yuankou station Flood season 315Ð2 311Ð7 312Ð8 306Ð4 263Ð6 306Ð2
Low water season 134Ð5 145Ð8 124Ð7 126Ð8 129Ð9 132Ð6
Below Hua Yuankou One year 684Ð3 695Ð8 658Ð4 564Ð8 635Ð1 648Ð0
station Flood season 501Ð7 500Ð6 486Ð4 401Ð8 346Ð2 457Ð4
Low water season 182Ð6 195Ð2 62Ð0 162Ð9 288Ð9 190Ð6
Yellow River basin is only 641 m3. However, the development and utilization of water resources has reached
59%. In 1997, the rate of water consumption in the basin was 53Ð3%, and the rate of polluted river length
reached 65Ð3%. Table II indicates that, as precipitation decreases, the consumption of water resources in the
basin has increased gradually.
AN INDICATOR TO REPRESENT RENEWABILITY OF WATER RESOURCES
The drying up of the downstream region in the Yellow River is only a phenomenon of the non-renewability
problem. The magnitude of water resources renewability depends on hydrological cycle processes, in which the
renewability is expressed as the capacity to recover lost water from precipitation or other sources (Wigmosat
et al., 1994; Mou, 1996; Slutsky and Yen, 1997; Xia, 1997; Xia and Chen, 2001; Huang and Xia, 2001). Thus,
the renewability has a direct linkage with storage characteristics, cyclicity of the hydrological process, the rate
of water supply, and so on. Because precipitation amount and water storage is finite in a period and a space,
the renewability of water resources also has a limit magnitude. When a finite water resource is overused,
it will affect its recovery capacity. If this situation is continues, then the balance between water supply and
consumption cannot be maintained. It will result in the problem of non-renewable water resources. For the
Yellow River system, drying up of the downstream region is a typical phenomenon of this problem.
To quantify the renewability of water resources associated with the Yellow River, a conceptual hydrological
model is shown in the Figure 3, where Vmax is the maximum storage in the channel system, Vmin is the
Table II. Statistics of water use in the Yellow River Basin in different years
Decade Water use 108 m3 year1
Upper reach Middle reach Lower reach Whole river
1950s 73Ð4 30Ð0 18Ð9 122Ð3
1960s 95Ð2 49Ð4 33Ð1 177Ð7
1970s 102Ð9 63Ð4 83Ð5 249Ð8
1980s 121Ð1 62Ð1 112Ð9 296Ð1
1990s 131Ð7 60Ð2 107Ð8 299Ð6
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minimum storage to maintain the water demand of the eco-environment without drying up in river, and Vn is
the averaged yearly storage. Based on the water cycle system and the water balance relation, we can develop
a method to quantify the renewability of water resources. The water balance in a time step is given as
V D QI C QP  QD C QU C QF 1
in which V is storage change, QI is the input of the upper reaches, QP is the rainfall in the channel, QU is
the water use from the river, QD is the discharge to the downstream region, QF is transmission loss due to
infiltration and evaporation, etc.
Evidently, in order to maintain a healthy water cycle and survival of the river system, the following
conditions should be satisfied:
1. River storage maintains a reasonable value that should be between Vmin and Vmax. If the storage V is less
than Vmin, then the river will be in the drying-up situation. If the storage V is greater than Vmax, then river
will be in the flooding situation. In general, the hope is for the normal situation with averaged storage Vn.
2. To maintain a stable state in the water cycle, the best situation for storage change is for V to be zero.
In the general situation, V magnitude could be written as jVj D kVmax  Vmin, where k is a control
coefficient, i.e. k 2 0, š1. As k approaches zero, then the propability of drying up or flooding will be
smallest. For development and utilization of water resources, the control coefficient should be a non-zero
value.
For quantifying renewability, the difference in storage between V and Vn and that between Vmin and Vmax
will be two important variables. The bigger the difference jV  Vnj is, the weaker the recovery capacity is.
The maximum magnitude will be in range from Vmin to Vmax. Thus, an indicator ˛, called the renewability
index of water resources, can be defined as
˛ D 1  jV  Vnj
Vmax  Vmin 2
It can be seen that the indicator ˛ is a scalar, i.e. 0 < ˛  1, that can characterize the magnitude of water
resources renewability. The bigger that ˛ is, the stronger the water cycle capacity is. When ˛ D 1 and V D Vn,
the river system will be in an equilibrium state with the maximum recovery capacity of water resources.
As V D V0 C V, with V0 being the initial storage, Equation (2) can be rewritten as
˛ D 1  jV C V0  Vnj
Vmax  Vmin 3
If the initial state V0 D Vn, then the following formulation can be obtained in terms of the Equations (1)
and (3);
˛ D 1  jVj
Vmax  Vmin D 1 
jQI C QP  QD C QU C QFj
Vmax  Vmin 4
Vmax
Vmin
Vn
QP QU
QD
QF
QI
Figure 3. River hydrology model
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From a qualitative analysis based on Tables I and II, the precipitation change in the Yellow River basin
has shown a significant declining trend due to climate change since the 1970s. Water consumption has also
increased. This means a reduced ˛ as a result of increase of QI and QP. Based on the indicator ˛, the
renewability of water resources in the Yellow River can be further analysed. Implementation strategies can
be proposed by controlling QU to reach a reasonable renewability ˛ value.
ASSESSMENT OF RENEWABILITY IN THE YELLOW RIVER BASIN
The Yellow River basin is a region of water shortage in China, due to population pressure and social-
economic development. The amount of water resources in the basin is 71Ð9 ð 109 m3 including an average of
58 ð 109 m3 annual runoff and 13Ð9 ð 109 m3 groundwater. The water resources provide a water supply for
a population of 144 million and 16 ð 106 ha cropland. There are 50 large or medium-sized cities and energy
bases in the river basin. With intensive social-economic development, the amount of water consumption has
increased continuously. The water consumption in the Yellow River basin had increased from 12Ð2 ð 109 m3
in the 1950s to about 30 ð 109 m3 in the 1990s, an increase of about 2Ð5 times. Most river water withdrawals
go to the agricultural sector, which makes up about 92% of total water utilized in the basin. Figure 4 shows
the comparison of annual runoff observed at the Tou Daoguai station (upstream), Hua Yuankou station
(middle stream) and Li Jin station (downstream) in the Yellow River. Table III gives information about the
geo-hydrological characteristics of the various reaches of the Yellow River.
Based on the ˛ indicator method developed above, a comprehensive assessment of renewability of water
resources related to the upstream, middle stream and downstream reaches of the Yellow River was completed.
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Figure 4. Comparison of measured annual runoff at the Tou Daoguai station, Hua Yuankou station and Li Jin station on the Yellow River
Table III. Characteristics of the reaches of Yellow River
Reach Drainage area km2 Reach length (km) Fall (m) Slope (‰)
Upper reach 428 235 3471Ð6 3496Ð0 10Ð1
Middle reach 343 751 1206Ð4 890Ð4 7Ð4
Lower reach 22 726 785Ð6 93Ð6 1Ð2
Whole river 794 712 5463Ð6 4480Ð0 8Ð2
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The key point is to estimate the yearly maximum storage volume Vmax of upstream, middle stream and
downstream reaches of the Yellow River. The main processes involve three aspects: (a) determining the
yearly average velocities of main reaches, i.e. 1Ð5 m s1 in the upstream reach, 0Ð6 m s1 in the middle
stream reach and 0Ð4 m s1 in the downstream reach; (b) estimating recycle times of the water body in terms
of the ratio of river length to velocity, i.e. 26 in the upstream reach, 23 in the middle stream reach and 23
in the downstream reach; (c) evaluating the yearly maximum storage volume of the upstream, middle stream
and downstream reaches of the Yellow River in the light of information from steps (a) and (b) and other
data. Calculations indicate that Vmax is 60 ð 109 m3 in the upstream reach, 50 ð 109 m3 in the middle stream
reach and 25 ð 109 m3 in the downstream reach. Evaluation of the yearly minimum storage volume Vmin is
dependent on the ecological water demand, in particular on dealing with the problem of sediment deposit in
the Yellow River (Qian and Zhang, 2001; Chen et al., 1999). In this study, Vmin was taken as 10% of the
upstream Vmax, 10% of the middle stream Vmax, and 5% of the downstream Vmax in terms of analysis of
ecological water demand in the river system. Based on Equations (1) and (4), we evaluated the ˛ indicator
values in different decades and quantified renewability of water resources in the Yellow River. The final
results are listed in the Table IV and Figure 5.
The results (see Table IV) show that renewability of water resources in the Yellow River has had a significant
declining trend since the 1950s. In the 1990s, ˛ in the downstream reach was reduced to 0Ð2 in the worst
situation. For values of ˛ indicate that renewability in the downstream reach is worse than that in the middle
and upper reaches. Thus, such evaluations are reasonable comparisons with the real situation. Further analyses
were also completed using this framework. For example, three different scenarios are given using this system
analysis:
Table IV. River water renewability index of the reaches of the Yellow River in
different years
Reach 1950s 1960s 1970s 1980s 1990s
Upper 0Ð98 0Ð84 0Ð78 0Ð65 0Ð57
Middle 0Ð80 0Ð59 0Ð55 0Ð44 0Ð41
Lower 0Ð79 0Ð46 0Ð29 0Ð23 0Ð20
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Figure 5. Reality evaluation of river water renewability in the upper reach, middle reach and lower reach of the Yellow River
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Figure 6. Scenario evaluation of river water renewability, on the assumption that in the 1990s water use is the same as in the 1960s in the
three reaches of the Yellow River
1. Assume the 1990s natural background, but assume that water consumption is reduced to the level in 1960s.
The results (see Figure 6) show that all ˛ values in the upper stream, middle stream and downstream reaches
of the Yellow River will have increased significantly (0Ð64, 0Ð50 and 0Ð51 respectively). The drying-up event
in 1990s would have been avoided.
2. If water consumption is maintained at the level of the 1960s since the 1970s, then all ˛ values in the upper
stream, middle stream and downstream reaches will be greater than 0Ð5. This means that the renewability
of water resources will have increased (see Figure 7).
3. If water consumption is allocated as 11 ð 109 m3 in the upstream reach, 5Ð5 ð 109 m3 in the middle stream
reach and 7Ð5 ð 109 m3 in the downstream reach since the 1970s, then all ˛ indicators in the 1990s are
greater than 0Ð52 (see Figure 8). The whole basin’s renewability will approach a reasonable situation.
Thus, the modelling results and analysis indicate that the major impact on ˛ is that of water consumption.
Thus, human activity will be a key factor in determining renewability of water resources in the Yellow River
basin.
CONCLUDING REMARKS
1. The Yellow River is the second largest river in China, with 5000 years history and culture. However, the
continual drying-up events in the lower reaches of the Yellow River during the 1990s are a signal to show
the serious problem of non-renewability of water resources to the changing environment. This paper address
the problem of renewability linked with a hydrological process impacted by climate change and human
activity. A quantitive method was developed to analyse the causes and propose countermeasures to improve
renewability of water resources.
2. The magnitude of water resource renewability depends on the hydrological cycle processes. The renewability
expresses the capacity to recover lost and used water by precipitation or other water supply routes. Thus,
the renewability has a direct linkage to storage characteristics, the cyclicity of hydrological process, the
rate of water supply, and so on.
3. To quantify the renewability of water resources in the Yellow River, the ˛ indicator method was developed
using a conceptual hydrological model based on the difference in storages between V and Vn and that
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Figure 7. Scenario evaluation of river water renewability, on the assumption that from the 1970s the water use is the same as in the 1960s
in the three reaches of the Yellow River
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Figure 8. Scenario evaluation of river water renewability, on the assumption that from the 1970s the water use in the three reaches of the
Yellow River is 11 ð 109 m3 year1, 5Ð5 ð 109 m3 year1 and 7Ð5 ð 109 m3 year1 for the upper, middle and lower reaches respectively
between Vmin and Vmax. A distinctive feature of this approach is that it can provide basic information on
time–space changes and the magnitude of renewability of water resources in a river system.
4. Preliminary application of this method in the Yellow River in China has shown that this approach can
represent the magnitude of renewability and changes in time and space. Analysis of the results in terms of
an observed data set indicate that renewability of water resources in the Yellow Rive has had a significant
declining trend since the 1950s. In the 1990s, ˛ in the downstream reach was reduced to 0Ð2 in the worst
situation.
5. Using the renewability assessment, some workable countermeasures were analysed. For instance, if water
consumption were allocated as 11 ð 109 m3 in the upstream reach, 5Ð5 ð 109 m3 in the middle stream
reach and 7Ð5 ð 109 m3 in the downstream reach since 1970s, then all ˛ values in the 1990s would have
Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 2327–2336 (2004)
2336 J. XIA ET AL.
been greater than 0Ð52 and drying-up events in the 1990s would have been avoided. The whole basin’s
renewability would then approach a reasonable situation.
6. As it is at its initial stage of quantifying renewability of water resources, many problems remain to be
studied in the future. For example, the concept of renewability should be linked to both water quantity
and quality (Huang and Xia, 2001). Another big task is to evaluate water demand for the ecosystem in the
Yellow River basin.
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